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Abstract
Src family kinases (SFKs) have been implicated in the regulation of cell motility. To verify their in vivo roles during development, we
generated mutant mice in which Csk, a negative regulator of SFKs, was inactivated in neural crest lineages using the Protein zero promoter in a
Cre–loxP system. Inactivation of Csk caused deformities in various tissues of neural crest origins, including facial dysplasia and corneal opacity.
In the cornea, the stromal collagen fibril was disorganized and there was an overproduction of collagen 1a1 and several metalloproteases. The
corneal endothelium failed to overlie the central region of the eye and the peripheral endothelium displayed a disorganized cytoskeleton. Corneal
mesenchymal cells cultured from mutant mice showed attenuated cell motility. In these cells, p130 Crk-associated substrate (Cas) was
hyperphosphorylated and markedly downregulated. The expression of a dominant negative Cas (CasΔSD) could suppress the cell motility defects.
Fluorescence resonance energy transfer analysis revealed that activation of Rac1 and Cdc42 was depolarized in Csk-inactivated cells, which was
restored by the expression of either Csk or CasΔSD. These results demonstrate that the SFKs/Csk circuit plays crucial roles in corneal
development by controlling stromal organization and by ensuring cell motility via the Cas-Rac/Cdc42 pathways.
© 2008 Elsevier Inc. All rights reserved.Keywords: Cell motility; Src family kinases; Csk; Cre–loxP; Protein zero; Cornea; Cas; Rac1; Cdc42; Cell polarityIntroduction
The Src family of non-receptor tyrosine kinases (SFKs) is
the first identified proto-oncogene product (Frame, 2004; Jove
and Hanafusa, 1987). SFKs become activated upon cell stim-
ulation with extracellular signals such as matrix proteins and
growth factors, and play pivotal roles in coordinating various
cellular responses involved in cell proliferation, differentiation,
adhesion and migration (Brown and Cooper, 1996). The kinase
activity of SFKs is negatively regulated by the phosphorylation
of a C-terminal regulatory tyrosine (Y529 in human) that is
catalyzed specifically by the C-terminal Src kinase (Csk) (Nada
et al., 1991; Okada et al., 1991). The C-terminal phospho-
tyrosine intramolecularly interacts with the SH2 domain in⁎ Corresponding author. Fax: +81 6 6879 8298.
E-mail address: okadam@biken.osaka-u.ac.jp (M. Okada).
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doi:10.1016/j.ydbio.2008.01.004SFK, thereby adopting an assembled conformation that is
inaccessible to substrates (Xu et al., 1997). Accumulated
evidence has shown that Csk-mediated negative regulation is
crucial for normal SFK functions (Chow et al., 1993; Suzuki et
al., 1998). Csk-knockout mice bearing constitutively activated
SFKs show developmental retardation at mid-gestation, result-
ing in lethality at embryonic day 10 (E10) (Imamoto and
Soriano, 1993; Nada et al., 1993). Conditional ablation of Csk
in specific tissues has also confirmed the role of Csk-mediated
SFK regulation in the development of thymocytes, granulo-
cytes and epithelial cells (Schmedt et al., 1998; Thomas et al.,
2004; Yagi et al., 2007). In epithelial cells, Csk plays critical
roles in cell–cell and cell–substrate adhesion by controlling
cytoskeletal remodeling. An in vitro study of Csk-deficient
fibroblasts has further implicated a role for Csk in the regula-
tion of cell spreading and migration mediated by SFKs (Shima
et al., 2003).
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the regulation of cell migration, by activating cell adhesion
proteins such as focal adhesion kinase (FAK) and the p130 Crk-
associated substrate (Cas) (Cary et al., 1998; Sakai et al., 1994).
Elevated activity of c-Src has been shown to contribute to
cancer metastasis by promoting cell motility (Frame, 2002).
These observations together with other accumulated evidence
suggest that SFKs are crucial for promoting cell migration;
however, the in vivo roles of SFKs in the regulation of cell
migration have yet to be defined largely because of functional
redundancy among the family members. The recent analysis of
c-Src and Fyn double knockout mice has revealed the essential
role of these kinases in the migration of a subset of neurons
(Kuo et al., 2005; Yip et al., 2007), although the embryonic
lethality of the mutant mice has hampered its mechanistic
analysis.
To address the in vivo roles of SFKs in cell migration, we
focused on neural crest cells. In vertebrate, neural crest cells are
remarkable for their long-distance migrations from their origin,
the dorsal regions of neural tubes, to a variety of sites through-
out the body (Bronner-Fraser and Fraser, 1988; Selleck et al.,
1993). Following the epithelial–mesenchymal transition (EMT)
of neuroectoderm, neural crest cells migrate along specific paths
to many other regions, where they differentiate into a variety of
tissues, including the peripheral nervous tissues, facial bone and
cornea. Based on these unique features, neural crest cells repre-
sent a good model system for studies of not only differentiation
but also cell migration and/or invasion (Tucker, 2004b). To
address the molecular mechanisms underlying the neural crest
cell migration, the role of some SFK related signaling molecules
such as FAK (Wu et al., 2007), integrins (Desban et al., 2006;
Tucker, 2004b) and Dab1 (Yip et al., 2007) have been analyzed.
However, the role of SFK in these signaling pathways still
remains to be clarified. Thus, we examined the effects of SFK
activation on neural crest cell migration by conditionally
inactivating Csk using the Protein zero (P0) promoter in a
Cre–loxP system. The P0–Cre system has been established to
be functional specifically in a subset of migrating neural crest
cells (Yamauchi et al., 1999). The mutant mice showed apparent
developmental defects in the forehead and cornea, both of
which originate from the cranial neural crest (Kanakubo et al.,
2006; Santagati and Rijli, 2003; Trainor, 2005). In this study, we
analyze the defects by focusing especially on the corneal
defects, and provide new insights into the roles of the SFKs/Csk
circuit in the regulation of the migration of corneal cells as well
as in stromal collagen fibril organization.Materials and methods
Animals
In order to detect the activity of the P0 promoter, Protein zero–Cre (P0–Cre)
transgenic mice (provided by K. Yamamura) (Yamauchi et al., 1999) were mated
with R26R mice (Soriano, 1999). P0–Cre cskflox/flox mice (P0 csk-KO mice)
were generated by crossing csk–flox (cskflox) mice (Schmedt et al., 1998) and
P0–Cremice. The littermates carrying only the cskflox/flox transgene were used as
control mice (WT mice). The genotypes of the mice were determined by allele-
specific PCR, as described previously (Schmedt et al., 1998; Soriano, 1999;Yamauchi et al., 1999). Mice were handled and maintained according to the
Osaka University guidelines for animal experimentation.
Antibodies
Anti-Csk (C-20), anti-Fyn(FYN3), anti-FAK(C-20), and anti-actin(C-11)
were purchased from Santa Cruz Biotechnology. Anti-Src pY418, anti-Src
pY529, anti-FAK pY397, and anti-FAK pY576 were purchased from Biosource.
Anti-vSrc (Ab-1) was obtained from Calbiochem. Anti-Yes, anti-Cas, and anti-
Paxillin were purchased from BD Transduction Laboratories. Anti-phosphotyr-
osine (4G10) was purchased from Upstate Biotechnology. Anti-collagen1a1 was
obtained from Southern Biotechnology Associates, Inc. Anti-MT1-MMP was a
gift from M. Seiki. Horseradish peroxidase-conjugated anti-mouse or rabbit IgG
were obtained from Zymed Lab. Alexa594 or 488-conjugated anti-rabbit or
mouse IgG and Alexa594 or 488-conjugated phalloidin were obtained from
Molecular Probes.
Detection of β-galactosidase activity
Whole embryos or adult eyes were fixed for 20 min in 2% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) and incubated in 0.02% Nonidet P-40
(NP-40)/PBS for 30 min at room temperature. After being washed in PBS, the
samples were stained overnight at 4 °C in the staining solution (1 mg/ml X-gal,
5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 2.5% dimethylsulfoxide
(DMSO), 0.02% NP-40 in PBS), washed in PBS and postfixed in PFA. Stained
samples were cryosectioned and observed under light microscopy.
Histological analysis
Mice were anesthetized with 10% Nembutal and perfused transcardially
with saline containing 0.1% sodium nitrate, followed by a fixative consisting
of 4% PFA in PBS. To observe the actin cytoskeleton in the corneal endo-
thelium, whole corneas that had been fixed in 4% PFA/PBS were incubated
overnight at 4 °C with Alexa594-Phalloidin (Molecular probes) in Tris-
buffered saline containing 0.1% Tween 20 (TTBS). The specimens were
examined by confocal laser-scanning microscopy (Olympus, FV-1000). For
hematoxilin and eosin (HE) staining, samples were equilibrated with 30%
sucrose in PBS and embedded in OTC compounds (Sakura Seiki, Tokyo) prior
to cryosectioning, and the cryosections (8 μm) were stained with Mayer's
hematoxylin and eosin. For electron microscopic analysis, cornea sections
were prepared as described previously (Koike et al., 2003), and the specimens
were examined with an HV-7100 electron microscope (Hitachi). Soft X-ray
analysis of facial bones was performed with an analyzer from SOFTEX. For
the slit-lamp analysis, mice were deeply anesthetized with 10% Nembutal and
the anterior ocular segments including cornea, iris and lens, were examined by
irradiating eye with a thin light beam using a slit-lamp biomicroscope (Topcon
Co. Ltd., Japan).
Preparation of corneal mesenchymal cells and gene transfer
The corneal stroma and endothelium was excised from young mice (P4) and
placed on collagen type I-coated dishes filled with corneal mesenchymal cell
medium (Eagle's minimal essential medium containing 10% fetal bovine serum,
2 mM L-glutamine, and 1 mM sodium pyruvate). Corneal mesenchymal cells
that had migrated from the tissues were collected and immortalized using a
retrovirus vector pCX4 carrying the E6/E7 human papilloma virus 16 (a gift
fromM. Yutsudo). All of the gene transfer experiments except for FRETanalysis
were carried out using retroviral vectors (gifts from T. Akagi). Production and
infection with retroviral vector was performed as described previously (Akagi et
al., 2003). Csk deleted cells were cloned and transfected with wild-type rat Csk,
or wild-type rat Cas (a gift from R. Sakai) (Sakai et al., 1994), CasΔSD or Cas
ΔSH3 (gifts from T. Iwahara) (Iwahara et al., 2004).
Immunocytochemistry
Corneal mesenchymal cells cultured on collagen type I-coated μ-dish
(ibidi) were fixed with 4% PFA for 20 min at room temperature. After
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albumin (BSA)/TTBS blocking solution, and were subsequently incubated
with primary antibodies in TTBS overnight at 4 °C. After incubation with
secondary antibodies, samples were examined by confocal laser-scanning
microscopy (Olympus, FV-1000). Images of representative cells are shown in all
the figures.
Immunoblotting and immunoprecipitation
Whole-cultured cells were lysed in ODG buffer (20 mM Tris–HCl, pH 7.4,
150 mM NaCl, 2 mM EDTA, 1% NP-40, 5% glycerol, 2% n-octyl-β-D-
glucoside (ODG), 1 mM sodium orthovanadate, 50 mM NaF, 5 mM 2-
mercaptoethanol, 1 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and
10 μg/ml trypsin inhibitor). Procedures for immunoblotting and immunopre-
cipitation were described previously (Kasai et al., 2005). For inhibitor
experiments, corneal cells were treated with 20 μM ALLN (Calbiochem),
50 μMMG132 (Calbiochem) or equivalent volume of DMSO as control for 4 h,
and then lysed for immunoblotting.
Wound healing, cell spreading and cell proliferation assays
Confluent corneal cells were wounded using a yellow tip and were then
cultured for a further 16 h in serum-free corneal culture medium. The phase
contrast images of the cultures were photographed at 0 h and after incubation for
16 h. The distance traveled by the cells at the wound front was measured by the
image analysis. In Fig. 3D, the relative value to that of WT cells (assumed to be
1) was defined as relative motilily. In Fig. 6A, the relative value to that of WT
cells (assumed to be 1) was defined as relative motilily. For cell spreading
assays, the same number of cells was plated on collagen type I-coated dish, and
the number of spread and non-spread cells were counted at indicated time points.
Cell proliferation assay was performed using Cell Proliferation Reagent WST-1
(Roche) according to the instruction manual. Briefly, the viable cells were
incubated with WST-1 reagent, and the absorbance at 450 nm was measured at
various time points.
RT-PCR and real-time quantitative PCR
Total RNAwas prepared from corneal cells using Sepasol (Nacalai Tesque),
and was reverse transcribed using SuperScriptII reverse transcriptase (Invitro-
gen). RT-PCR was performed using ExTaq polymerase (Takara). Gene-specific
primers and probes for real-time quantitative PCR were purchased from Applied
Biosystems (TaqMan Gene Expression Assays). PCR was performed using an
Applied Biosystems 7900HT Fast Real-Time PCR System and Sequence
Detection System Software.
RNA interference
In order to downregulate endogeneous Cas, pSINsi-mU6 (Takara) carrying
the target sequence (Cabodi et al., 2006) and its scrambled sequence (control)
were transfected using a retrovirus system.
FRET analysis and single-cell movement analysis
To monitor the activation of small GTPases, the cell lines were transiently
transfected with FRET probes, Raichu–Rac and Raichu–Cdc42 (Itoh et al.,
2002) and Raichu–RhoA (Yoshizaki et al., 2003), gifts from M. Matsuda, using
Lipofectamine 2000 transfection reagent (Invitrogen). FRET analysis and
differential interference contrast (DIC) time-lapse microscopic analysis were
performed using an Olympus IX71 microscope and MetaMorph software
(Molecular devices) as previously described (Matsuoka et al., 2004; Nakamura
et al., 2005). For FRET analysis, the cells were imaged every 2 min for 2 h. For
DIC analysis of corneal primary culture (Fig. 3C, Suppl.Movie.SM1), the cells
were imaged every 5 min for 18 h. For DIC analysis of csk-KO cells (SM2) and
csk-reverted cells (SM3), cells were imaged every 30 min for 20 h. For analysis
of the single-cell movement (Figs. 6B,C), sequential DIC images of corneal cells
were obtained every 30 min for 20 h and analyzed using the track point function
of MetaMorph software.3D collagen gel culture
Corneal cells were trypsinized and cultured using the 3D Collagen Cell
Culture System (CHEMICON). After fixation with 4%PFA/PBS, the 3D gels
were examined by confocal laser-scanning microscopy (Olympus, FV-1000).
Gelatin zymography and zymofilm
Confluent cultures of csk-KO cells and the csk-revertants were cultured for a
further 12 h or 24 h in serum-free corneal culture medium. An aliquot of the
conditioned media was electrophoresed on 1% gelatin containing SDS-PAGE
gels following zymography procedures that have been described previously
(Yagi et al., 2007). Frozen sections (3 μm) of non-fixed fresh mice eyes were
mounted on an MMP in situ Zymo-film (Wako). After incubation for 15 h in a
moist chamber, the films were stained with Biebrich Scarlet Stain Solution
(Wako).
Results
Specificity of the P0 promoter
To obtain the restricted inactivation of Csk in neural crest cell
lineages, the P0 promoter was selected to control Cre recom-
binase expression. P0 is a transmembrane protein that is abun-
dant in myelin in the peripheral nervous system. Although the
specificity of the P0 promoter has been established in the neural
crest cell lineage (Yamauchi et al., 1999), we confirmed its
specificity by monitoring β-galactosidase activity in the trans-
genic mice carrying both the P0–Cre gene and ROSA26 re-
porter alleles. The activity of the P0 promoter became detectable
at embryonic day 9.5 (E9.5) in the ventral craniofacial
mesenchyme and other known neural crest lineages (data not
shown). Fig. 1A shows the P0 promoter activity in the
frontonasal, maxillary, mandibular and other pharyngeal arch
skeletal structures. Moreover, the corneal endothelium, kerato-
cytes, and the connective stroma of the iris, which have been
suggested to originate from cranial neural crest in avian research
(Creuzet et al., 2005), also exhibited P0 promoter activity (Fig.
1B) as reported recently (Kanakubo et al., 2006).
Generation of P0–Cre cskflox/flox mice
Mutant mice in which Csk is specifically inactivated in the
neural crest cell lineage (P0 csk-KO mice) were generated by
crossing csk–flox (cskflox) and Protein zero–Cre (P0–Cre)
transgenic mice. Cre-mediated recombination of the cskflox
locus results in inactivation of Csk through excision of exon 9
and 10, which encode a part of the kinase domain of Csk
(Schmedt et al., 1998). Genotyping showed the specific deletion
of the csk floxed locus in the corneal endothelium and stroma,
but not in the corneal epithelium derived from surface ectoderm,
where the Cre recombinase activity was undetected (Fig. 1C).
Phenotypes of P0 csk-KO mice
P0 csk-KO mice were viable at birth and grew normally
during the early postnatal stages; however, facial dysplasia and
corneal opacity became apparent when the eyes opened (Figs.
1D and E). The mutant mice also exhibited the phenotypes
Fig. 1. Generation of P0–Cre cskflox/flox mice and their phenotypes. (A) β-galactosidase activity was detected by X-gal staining in the head of transgenic mice (P0)
bearing both the P0–Cre and R26R transgenes (P0–Cre+/−:R26R+/−). (B) β-Galactosidase activity was detected by X-gal staining in the sections of cornea from P0–
Cre+/−:R26R+/− transgenic mice (P42). (C) Genotyping of the epithelium and stroma/endothelium of the cornea in wild type (WT) and P0–Cre cskflox/flox (KO) mice.
Genomic DNA prepared from the indicated region of the cornea from WT and KO mice (P255) was analyzed by PCR. M: DNA size marker. (D) Representative
external appearance and soft X-ray images of WTand KOmice (P109). A short nose phenotype and morphological defect of facial bone were observed. (E) Defects in
the cornea of KOmice. (a and b) Eyes of KOmice at P180 show macroscopic corneal opacity and neovascularization. (c and d) Slit-lamp biomicroscopy analysis (Slit-
lamp) reveals the anterior synechia (arrowheads) in KO cornea at P240. The cornea (asterisk) and the iris (arrow) were separated normally in WT mice. (e and f)
Hematoxylin–eosin (HE) staining of cornea sections at P54 shows a deletion of the corneal endothelium in the central region and aberrant epithelium organization.
(g–j) F-actin staining with Alexa488- or Alexa594-conjugated phalloidin shows an impaired actin cytoskeleton of corneal endothelial cells in the peripheral region
at P0.5 (g and h) or at P48 (i and j). (k and l) The peripheral region of (i and j) was magnified to show aberrant actin organization of corneal endothelium.
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Moreover, defects in the sagittal suture became evident in
adult mice. Since a soft X-ray analysis revealed the presence of
a complete set of bones, the skeletal defects could be caused
by a deregulation of size and/or positioning (Fig. 1D). Mice
heterozygous for the csk mutation exhibited no detectable
phenotypes.
Defects in the cornea of P0 csk-KO mice
P0 csk-KO mice suffered anterior ocular segment disorders.
The cornea is an innately avascular and transparent tissue;
however, in P0 csk-KO mice, severe corneal opacity was
observed in its central region. Slit-lamp biomicroscopy analysis
also revealed anterior synechia (Fig. 1E d, arrowhead) and
neovascularization in the corneal stroma (Fig. 1E). Hematox-
ylin–eosin (HE) staining of the cornea showed a deletion of the
corneal endothelium in its central region. Although the corneal
epithelium retained an intact csk gene even in the mutant mice,
their stratified epithelium was disarranged. F-actin stainingFig. 2. Electron microscopic analysis of cornea. (A and B) Lower magnification vi
regions where the Descemet's membrane is deleted are indicated by arrowheads. Th
magnification views of the peripheral region of cornea fromWTand KOmice. The ab
space around stromal fibroblasts is indicated by an arrow. (E and F) Higher magni
collagen fibrils leaked out of stroma and the pigmented cells derived from iris were ind
the cornea from WT and KO mice. All photos were taken of P240 littermates.showed that the endothelial cells in the peripheral region of the
adult mouse cornea (P48) had a disorganized actin cytoskeleton
as well as impaired cell–cell adhesion. The same defects were
observed even at the neonatal stage in the mutant mice (P0.5)
(Fig. 1E).
Electron microscopic analysis provided more detailed
information on the defects observed in the csk-KO cornea. In
the central region the Descemet's membrane, a basal membrane
produced by the endothelium, was also deleted (Figs. 2B and F).
The corneal stroma showed the aberrant structure and
arrangement of collagen fibrils, and there were substantial
spaces around keratocytes (Figs. 2B and D). In the peripheral
region, the adhesion of endothelial cells to the Descemet's
membrane appeared to be loosened and the structure of the
Descemet's membrane itself was also disorganized (Fig. 2D). In
the central region we observed several collagen fibrils that had
leaked out of stroma and adhered to pigmented cells derived
from the iris (Fig. 2F). Furthermore, the cell–cell adhesion
structures of the corneal epithelium were severely damaged
(Fig. 2H).ews of cornea section from wild type (WT, A) and csk-KO (KO, B) mice. The
e spaces around stromal fibroblasts are indicated by arrows. (C and D) Higher
errant structure and arrangement of collagen fibrils is shown by arrowheads. The
fication views of the central region of the cornea from WT and KO mice. The
icated by arrows and arrowheads, respectively. (G and H) Views of epithelium of
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To elucidate the molecular mechanism underlying the
aberrant corneal development in P0 csk-KO mice, corneal
mesenchymal cells were cultured from the neonatal corneal
stroma and endothelium of csk-KO mice and its wild-typeFig. 3. In vitro analysis of csk-KO corneal mesenchymal cells. (A) Immortalized
(KO+Csk) were stained with Alexa594 phalloidin (F-actin), anti-phosphotyrosine (
populations showed images similar to the representative one shown here. (B) The
Absorbance at 450 nm represents the number of metabolically active cells. The mea
KC1; csk-revertant of clone #1, K2; csk-KO clone #2, KC2; csk-revertant of #2. (C)
mice. Movies are shown in Suppl.Movie.SM3. (D) Wound healing assay of the indica
was measured, and the relative value to that of WT cells was defined as relative
***Pb0.001. (E) Cell spreading assay. After plating the same numbers of csk-KO an
each time point. The percentages of spread cells in approximately 200 cells were pllittermates; these cells were immortalized by introducing human
papilloma virus E6/E7 genes. Cytochemical analyses revealed
that wild-type (WT) cells had a well-polarized cell morphology,
while csk-KO cells lost polarity and developed lamellipodia in
all directions resulting in a flat and rounded cell shape (Fig. 3A
a–f). In addition, a loss of actin stress fibers and aberrant actincorneal mesenchymal cells from WT and csk-KO mice, and its csk-revertants
4G10, pY) or anti-Paxillin. Above 90% of the cells expressing indicated genes
proliferation activity of cultured cells was determined using the WST-1 assay.
n values±S.D. from three independent assays are shown. K1; csk-KO clone #1,
Time-laps analysis of primary cultures of corneal tissues from WT and csk-KO
ted cell lines. The distance that the cells at the wound front had migrated for 16 h
motility. The mean±S.D. from three independent assays are shown. T-test,
d csk-revertant cells, the numbers of spread and non-spread cells were counted at
otted. The mean±S.D. from three independent assays are shown.
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csk-KO cells also tended to extend filopodias rather than lamel-
lipodias. Immunostaining for tyrosine phosphorylated proteins
and paxillin, as a marker of focal adhesion, revealed the en-
hanced accumulation of tyrosine phosphorylated proteins at
focal adhesions and an increase in the number of focal adhesions
in csk-KO cells. To confirm the contribution of Csk, csk-KO
cells were infected with a retrovirus carrying the csk gene to
obtain the csk-revertants. The morphology of the csk-revertants
was indistinguishable from that of WT cells, and their tyrosine
hyperphosphorylation levels and the number of focal adhesions
also returned to normal levels (Fig. 3A g–i). In addition, we
found that csk-KO cells (clones #1 and #2) exhibited an apparent
growth retardation (Fig. 3B), and hypomotility as revealed by
time-laps observations (Suppl.Movie.SM1 and 2) and the
wound healing assay (Fig. 3D). The hypomotility of csk-KO
cells was further evaluated by the single-cell movement analysis
(Fig. 6). The primary cultures of csk-KO cells also showed
hypomotility (Fig. 3C, Suppl.Movie.SM3). Moreover, cellFig. 4. Phosphorylation and degradation of SFK-related molecules in csk-KO cells.
(KO+Csk) were subjected to immunoblot analysis with the indicated antibodies. Act
indicated cells, and subjected to immunoblot analysis with anti-Cas (upper panel) and
RT-PCR analysis for Cas and GAPDH (internal control) transcripts. (D) Indicated ce
upper panel) or the calpain inhibitor ALLN (A; lower panel), followed by the detec
treatment with protease inhibitors in the csk-revertants (#2) was due to non-specificspreading assay showed that csk-KO cells spread more rapidly
than the csk-revertants (Fig. 3E). These observations suggest
that the loss of cell polarity and the aberrant cytoskeletal orga-
nization as well as cell adhesion would be linked to the hypo-
motility of csk-KO cells.
Phosphorylation and degradation of SFK-related molecules in
csk-KO cells
Immunoblot analysis of the csk-KO corneal cells revealed
that the Csk inactivation caused a substantial increase in the
activated forms of SFKs (pY418 positive) and a reduction in
their inactive forms (pY529 positive). This indicates that the
negative regulation of SFKs by Csk was indeed cancelled in
these cells. As observed in other Csk-deficient cells (Hakak and
Martin, 1999), a marked downregulation of c-Src and Fyn, but
not Yes, was also detected. Consistent with the increased number
of focal adhesions, an increased tyrosine phosphorylation of
FAK, particularly on pY576, was observed in csk-KO cells.(A) Total cell lysates prepared from csk-KO clones (KO) and its csk-revertants
in was detected as an internal control. (B) Cas was immunoprecipitated from the
anti-pY (lower panel). (C) Total RNA from the indicated cells was subjected to
ll cultures were treated with DMSO (D) or the proteasome inhibitor MG132 (M;
tion of the Cas protein by immunoprecipitation. Some reduction of Cas by the
toxic effects of the reagents on these cells.
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trate (Cas) protein was dramatically reduced to nearly unde-
tectable levels in csk-KO cells (Fig. 4A). Cas is a representative
adaptor protein that serves as a substrate of SFK and forms a
functional complex with FAK and Crk (Defilippi et al., 2006),
playing critical roles in the regulation of cytoskeletal organiza-
tion and cell motility (Brabek et al., 2004; Honda et al., 1999).
We therefore focused on the role of Cas in corneal cells.
Immunoprecipitation assays revealed that the specific activity of
Cas phosphorylation (phosphorylation levels/protein levels) was
greatly elevated in csk-KO cells despite the marked decrease inFig. 5. Role of Cas in the csk-KO cell defects. (A) Wild type rat Cas (rCas) was introd
level of Cas protein and its tyrosine phosphorylation level were detected by immunopr
Cas protein) is shown at the bottom of the panels. (B) F-actin in the indicated cell l
indicated genes populations showed images similar to the representative one shown
with a retrovirus vector carrying Cas-RNAi sequence (Cas-i) or scramble sequence (
Cas protein levels. Actin was detected as an internal control. (D) RNAi treated cells w
the cells expressing indicated genes populations showed images similar to the repre
CasΔSD) were transfected in the csk-KO cells and their expression and tyrosine p
lysates. The relative specific activity of Cas phosphorylation (pY/total Cas protein) is
(green) and Alexa594 phalloidin (red). Images of about 70% of CasΔSH3 express
CasΔSD expressing cells gave images similar to the representative one.its protein levels (Fig. 4B), suggesting that Cas is functionally
activated by the constitutively activated SFKs in csk-KO cells.
An RT-PCR analysis showed that Cas mRNA levels were not
altered in csk-KO cells, indicating that the reduction of Cas
protein was due to protein degradation (Fig. 4C). Treatment of
csk-KO cells with either the proteasome inhibitor MG132 or the
calpain inhibitor ALLN partially inhibited the degradation of
Cas in csk-KO cells. These observations suggest that the
activated Cas is susceptible to degradation via both the
ubiquitin–proteasome and calpain pathways, and that Cas is
actively turned over in csk-KO cells.uced into the csk-KO cells and stable cell lines were established. The expression
ecipitation assays. The relative specific activity of Cas phosphorylation (pY/total
ines was stained with Alexa594 phalloidin. Above 90% of the cells expressing
here. (C) The csk-KO cells (KO) and the csk-revertant (KO+Csk) was infected
Ctr-i), and the transfectants were subjected to an immunoprecipitation assay for
ere stained with anti-Cas (green) and Alexa594 phalloidin (red). Above 90% of
sentative one shown here. (E) Dominant negative forms of Cas (CasΔSH3 and
hosphorylation levels were detected by immunoblot analysis using whole cell
shown at the bottom of the panels. (F) Indicated cells were stained with anti-Cas
ing cells were similar to the representative image shown here. Above 90% of
482 A. Takatsuka et al. / Developmental Biology 315 (2008) 474–488The role of Cas in the csk-KO cell defects
To elucidate whether the degradation or activation of Cas
was involved in the defects in csk-KO cells, we initially intro-
duced wild-type rat Cas (rCas) into these cells. Overexpressed
rCas was phosphorylated in csk-KO cells, resulting in the
increase in the activated form of Cas (Fig. 5A). However, the
overexpression of Cas at a comparable level to that observed in
control cells (Cas #5) failed to restore the actin cytoskeleton and
cell polarity, but rather promoted filopodial extension (Fig. 5B).
These results suggest that the overexpression of wild-type Cas
augmented the function of Cas, thereby facilitating the filopodia
formation.
We next repressed the expression of endogenous Cas by
RNA interference (RNAi) (Figs. 5C and D). In csk-KO cells, as
Cas protein is substantially downregulated, RNAi did not
significantly affect Cas protein levels or cellular phenotypes. In
the csk-revertants, however, Cas was significantly downregu-
lated and the cells appeared to be relatively well spread and had
actin stress fibers extending radially towards multiple edges of
the cells (Fig. 5D f). This observation is consistent with that
reported for Cas-deficient cells (Honda et al., 1998). However,
other features, such as an attenuated substrate adhesion or an
impaired lamellipodia formation (data not shown), were notFig. 6. Role of Cas in cell motility. (A) Wound healing assay of the indicated cell
motilities to that of the csk-revertants (KO+Csk) were obtained. The mean±S.D.
movement analysis. Trajectory of each cell during 20 h was traced and analyzed by M
line) are shown. (C) The cell motility was evaluated by the total length of trajectory.
shown. T-test, **Pb0.01, ***Pb0.001.necessarily consistent with those of the csk-KO cells. These
results suggest that a reduction in Cas protein is not the sole
cause of the aberrant phenotypes observed in csk-KO cells.
We then examined whether the hyperactivation of Cas could
account for the phenotypes observed in csk-KO cells. To
address this, two different dominant negative Cas mutants were
overexpressed in csk-KO cells (Fig. 5E). The CasΔSH3 mutant
has a deletion in the SH3 domain to which FAK binds, thereby
resulting in an insufficient phosphorylation by SFK (Pellicena
and Miller, 2001; Polte and Hanks, 1995). The CasΔSD mutant
lacks a substrate domain that contains multiple SFK phosphor-
ylation sites that act as the binding sites for adaptor proteins
including Crk (Chodniewicz and Klemke, 2004; Goldberg et al.,
2003). Interestingly, the expression of these forms of Cas
proteins restored the protein level of endogenous Cas to some
extent, suggesting that these molecules can interfere with the
Cas degradation (Fig. 5E). Although the phosphorylation levels
of endogenous Cas were slightly increased, the specific activity
of Cas phosphorylation was dramatically reduced especially by
the expression of CasΔSD (Fig. 5E). The expression of
CasΔSD, rather than CasΔSH3, restored cell morphology,
actin cytoskeletal organization (Fig. 5F), and cell motility (Figs.
6A–C), resulting in a similar phenotype to the csk-revertants.
These observations suggest that the aberrant phenotypeslines. The migrated distances of each cell line were measured, and the relative
from three independent assays are shown. T-test, ***Pb0.001. (B) Single-cell
etaMorph software. The first DIC images of the cells with its trajectory (green
The mean±S.D. from more than 25 independent measurements of the cells are
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hyperactivation of Cas rather than the reduction of Cas protein.
FRET analysis of small GTPase activity in csk-KO cells
It is well established that the small GTPases, Rac1, Cdc42,
and RhoA, are key regulators of actin cytoskeletal organization
and cell polarity (Nobes and Hall, 1995; Nobes and Hall, 1999;
Van Aelst and D'Souza-Schorey, 1997). These molecules are
regulated downstream of SFK, and Rac1 and Cdc42 are also
known to act downstream of Cas (Kiyokawa et al., 1998; Liu et
al., 2007). Pull-down assays from whole cell lysates revealed
that Cdc42 was activated in csk-KO cells, whereas changes in
the activities of Rac1 and RhoA were not detected (data not
shown). We thus monitored the spatio-temporal changes in
activities of the small GTPases in living cells. The fluorescence
resonance energy transfer (FRET) monitor probes Raichu-Rac1,
Raichu-Cdc42, and Raichu-RhoA (Itoh et al., 2002; Yoshizaki
et al., 2003), were transiently transfected into cells, and changes
in FRET signals were monitored by time-lapse microscopy (Fig.
7). In csk-KO cells, FRET signals from all three probes were
detected along with the wide region of the plasma membraneFig. 7. FRETanalysis of small GTPase activity in csk-KO cells. The fluorescence reso
Raichu-RhoA, were transiently transfected into the indicated cells. The genotype of ce
condition and representative images are shown here. These cells were imaged for C
FRET efficiency was represented as the intensity-modulated display (IMD) mode im
images, eight colors from red to blue are used to represent the YFP/CFP ratio, and t
source images. The upper and lower limits of the ratio range are shown on the right. T
shown in Suppl.Movie.SM4–12.where membrane ruffling takes place; this indicates that there
was no polarized activation of Rac1, Cdc42, and RhoA (Figs.
7a, d, and h; Suppl.Movie.SM4, 7 and 11). In contrast, the csk-
revertants exhibited polarized activation of these GTPases, with
prominent activation in the leading edges of the extending
lamellipodia; this is consistent with their polarized cell shapes
and migration (Figs. 7b, e and i; Suppl.Movie.SM5, 8 and 12).
Furthermore, overexpression of CasΔSD in csk-KO cells could
also restore the polarized activation of Rac1 and Cdc42 as well
as cell polarity (Figs. 7c and f; Suppl.Movie.SM6 and 9). On the
other hand, overexpression of wild-type Cas in csk-KO cells
induced the activation of Cdc42 along filopodias, which may
account for the promoted filopodia extension observed in these
cells (Fig. 7g; Suppl.Movie.SM10). These results suggest that
Csk is essential to control the localized activation of SFKs-Cas-
small GTPases pathways, which determine the polarization of
the cell shape and migration.
Role of Csk in stromal collagen fibril organization
A higher magnification view of the electron micrographs
showed that collagen fibrils in corneal stroma were substantiallynance energy transfer (FRET) monitor probes, Raichu-Rac1, Raichu-Cdc42, and
ll was shown on the left. FRET imaging was repeated at least five times for each
FP, YFP and DIC every 2 min as described previously (Matsuoka et al., 2004).
ages created by MetaMorph software (Nakamura et al., 2005). In the IMD mode
he brightness of each color indicated the mean intensity of YFP and CFP of the
he initial (0 min) and the final (80 min) images are shown. Time-laps images are
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fibrils in csk-KO stroma were not uniform and were
significantly greater than those in WT stroma (Fig. 8A). We
also observed interstices between collagen fibrils. To address
whether the aberrant collagen fibril organization was caused byFig. 8. Role of Csk in stromal collagen fibril organization. (A) Higher magnificati
Diameter of corneal collagen fibers was measured. T-test, ***Pb0.001. (B) Immunob
its revertants. The number of cells was normalized by the immunoblot of actin in who
KO cells and its revertants cultured in a 3D collagen matrix. (D) The MMP2 activity in
gelatin zymography assay. The white bands indicate the degradation of gelatin by M
immunoblot analysis of whole cell lysates. PC; positive control (HT1080 cell lysate
sections fromWTand csk-KOmice at P107. Protease activity after 15 h incubation is s
collagen 1a1 transcripts in csk-KO cells and the csk-revertants. The relative amount
three independent assays. T-test, **Pb0.01, ***Pb0.001.the csk-KO cells or by other indirect effects, we examined the
production of stromal components in csk-KO cells and the csk-
revertants. Previous reports have shown that activation of SFKs
downregulates collagen production (Frankfort and Gelman,
1995) but upregulates metalloprotease (MMP) productionon views of electron micrographs of WT stroma and csk-KO stroma at P240.
lot analysis of collagen 1a1 (col 1a1) in conditioned medium of csk-KO cells and
le cell lysates (WCL). (C) Differential interference contrast (DIC) images of csk-
the conditioned medium of the same numbered indicated cells was estimated by
MPs. (E) Production of MT1-MMP from the indicated cells was detected by
), NC; negative control (HEK293T cell lysate). (F) Zymofilm assays of corneal
hown by the white area (arrowheads). (G) Real-time PCR analysis of MMP2 and
of transcripts to that of the csk-revertants is shown. Data are mean±S.D. from
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degradation of the extracellular matrix (ECM). We found that
csk-KO corneal cells exhibited an increased expression of
collagen 1a1 (Fig. 8B). The accelerated formation of collagen
fibrils by csk-KO cells was also observed in 3D collagen matrix
cultures (Fig. 8C). These findings suggest that the over-
production of collagen may, at least in part, contribute to the
disordered collagen fibril structure in csk-KO stroma. Interest-
ingly, a gelatin zymography assay and an immunoblot analysis
revealed that MMP2 activity (Fig. 8D) and the production of
MT1-MMP (Fig. 8E) were upregulated in csk-KO cells,
respectively. Additionally, a gelatin zymofilm assay showed
an enhanced MMP activity in an iris in which Csk was
inactivated (Fig. 8F). Real-time PCR analysis verified that the
expression of MMP2 and procollagen 1a1 was increased via
transcriptional activation in csk-KO cells (Fig. 8G). As MMP2
and MT1-MMP are involved in the degradation of Type IV and
Type I collagen, respectively, it seems likely that upregulation
of these MMPs may also be responsible for the disordered
corneal stroma and aberrant basement membrane of the corneal
endothelium and epithelium in csk-KO cornea.
Discussion
In order to elucidate the in vivo role of the SFKs/Csk circuit
in cell migration, we generated mutant mice in which Csk was
restrictedly inactivated in the neural crest cell lineage using the
P0 promoter in a Cre–loxP system. Previous analysis of the P0–
Cre system have shown that Cre recombinase is specifically
functional in migrating neural crest cells after E9 (Yamauchi et
al., 1999). Our P0 csk-KO mice appeared to be indistinguish-
able with their wild-type littermates in early migration process
of the neural crest, probably because of the remaining functional
Csk protein. The mutant mice showed abnormalities during
forehead and cornea development, resulting in the short nose
phenotype and central corneal opacity. These results suggest
that Csk plays an essential role in the development of the cornea
and forehead in vivo. In the cornea, the mutant mice exhibited
anterior synechia and a deletion of the corneal endothelium as
well as the Descemet's membrane in the central region. These
apparent phenotypes are very similar to those found in Peters'
anomaly, which is a rare congenital corneal malformation and
often accompanies craniofacial abnormality, growth retardation,
and neuroskeletal malformations. Peters' anomaly is caused by
mutations in the PAX6, PITX2, CYP1B1 or FOXC1 genes
(Doward et al., 1999; Hanson et al., 1994; Honkanen et al.,
2003; Polack and Graue, 1979; Vincent et al., 2006). It is
thought that this dysgenesis is due to abnormal neural crest
development during embryogenesis including corneal endothe-
lium formation. Although Csk inactivation induces Peters'
anomaly-like malformations, it is unlikely that the csk gene is
one of the genes that are responsible for the disease because Csk
is known to play more general roles during early development
(Imamoto and Soriano, 1993; Nada et al., 1993). Csk does
however, plays an essential role in controlling corneal
development via cellular pathways that are related directly or
indirectly to these responsible genes.During the process of corneal development, mesenchymal
cells that are derived from the cranial neural crest migrate along
the interstice between the surface ectoderm and lens from the
peripheral to the central region at E12 (Kanakubo et al., 2006).
The firstly migrated mesenchymal cells differentiate into
corneal endothelium and the secondary migrated cells differ-
entiate into keratocytes that produce collagen fibrils to form
corneal stroma (Hay, 1979). In this study we showed that Csk-
deficient mesenchymal cells had attenuated growth ability and
motility, which could, at least partly, account for the premature
arrest of the development of the corneal endothelium. This
possibility is supported by the observations in mutant mice that
1) Csk was inactivated in the mesenchymal cells from which
both corneal endothelium and keratocytes originate, before the
onset of corneal development, 2) both the corneal endothelium
and the Descemet's membrane were already deleted in the
central region of the cornea even at birth, and that 3) the corneal
endothelium in the peripheral region showed aberrant cell
morphology. The defective cytoskeletal organization and
disorganized cell–cell adhesion in the mutant endothelial cells
further suggest that the function and/or stability of the
endothelium were also attenuated. As previously observed in
epithelial cells, cell–cell and cell–substrate adhesion are
coordinately regulated by SFKs through the modulation of the
cytoskeletal organization (Yagi et al., 2007). It is therefore likely
that SFKs regulate both the cell migration and cell–cell
adhesion of endothelial cells during corneal development.
To elucidate the molecular mechanism that caused the
defects in the csk-KO cornea, we cultured corneal mesenchymal
cells from newborn csk-KO mice and established immortalized
cell lines. Csk-deficient cells exhibited hypomotility, growth
retardation, aberrant actin organization and loss of polarity in
cell shape. All these abnormalities were rescued by the re-
expression of Csk, confirming the crucial role of Csk in the
regulation of these cellular events. In csk-KO cells, SFKs and
its substrate molecules were hyperactivated, and some of
activated molecules, such as c-Src and Fyn, were susceptible to
degradation via proteasome or calpain mediated pathways. In
particular, we found that Cas, which had been previously
implicated in the regulation of cytoskeletal organization and cell
motility (Klemke et al., 1998; Shin et al., 2004), was hyper-
phosphorylated and dramatically downregulated in these cells,
suggesting its functional link to the cellular events. Over-
expression of a dominant negative form of Cas (CasΔSD) in
csk-KO cells could significantly suppress the csk-KO pheno-
types, whereas wild-type Cas enhanced several aspects of the
csk-KO phenotype including filopodia extension. These ob-
servations suggest that the hyperactivation of Cas, rather than
the downregulation of Cas protein, mediates the induction of the
csk-KO phenotypes we observed. The efficient downregulation
of these critical molecules may be due to a compensation
mechanism that is required for the maintenance of cell
homeostasis.
FRET analysis revealed that csk-KO cells lost the polarized
activation of Rac1, Cdc42 and RhoA, indicating that unregu-
lated activation of SFKs leads to depolarized activation of cell
signaling mediated by these small GTPases. Similar results
486 A. Takatsuka et al. / Developmental Biology 315 (2008) 474–488were also obtained in Csk-inactivated keratinocytes (unpub-
lished data). The observation that CasΔSD could restore the
polarized activation of Rac1 and Cdc42 further supports the
involvement of Cas as an upstream regulator of Rac1 and Cdc42
(Kiyokawa et al., 1998; Liu et al., 2007). Taken together, these
results suggest that Csk controls the activation of the SFK-Cas-
Rac1/Cdc42 pathway to ensure cell polarity and migration. It
was believed that activation of SFK facilitates cell motility by
activating focal adhesion proteins such as FAK (Cox et al.,
2006; Sieg et al., 2000); however, csk-KO cells exhibited
hypomotility, even though they contained activated FAK and
Cas. A similar hypomotility phenotype was also observed in
Csk-deficient fibroblasts and epithelial cells (Shima et al., 2003;
Yagi et al., 2007). This discrepancy in the results could be
explained by the loss of cell polarity observed in csk-KO cells
due to uncontrolled SFK activation by Csk inactivation. The
formation of excessive and ectopic focal adhesions in csk-KO
cells may interfere with focal adhesion turnover, which is
required for cell migration. Furthermore, uncoordinated cytos-
keletal remodeling induced by the depolarized activation of the
SFK-Cas-Rac1/Cdc42 pathway would also be inhibitory for cell
migration.
We observed an apparent disorganization of collagen fibril in
the stroma of csk-KO cornea. In vitro analysis of corneal
mesenchymal cells suggested that overproduction of collagen
1a1 and MMPs, such as MMP2 and MT1-MMP, in csk-KO
cells might be associated with these stromal defects. It is also
possible that the immature endothelium in csk-KO cornea may
cause edema, which also accompanies the irregular arrangement
of stromal collagen fibril, thereby resulting in induction of
corneal opacity (Meek et al., 2003). Furthermore, the cause of
the defects in the epithelium in which Csk is intact remains
unclear. Indirect effects induced by defective stroma, such as the
overproduction of MMPs from stromal cells or secondary
edema, could contribute to these defects. Further extensive
analysis is required to elucidate the cause of these phenomena.
Previous studies have revealed the contribution of integrins
and small GTPases to the development and migration of neural
crest lineages (Desban et al., 2006; Liu and Jessell, 1998;
Sauka-Spengler and Bronner-Fraser, 2006; Tucker, 2004a). In
this study, we showed a potential role for the SFKs/Csk circuit
in connecting the integrin-mediated cell adhesion signals and
the small GTPases in the neural crest lineages. We also provided
a new notion that the presence of Csk ensures the polarized
activation of SFK-Cas-Rac1/Cdc42 pathway, which enables
polarized cytoskeletal organization as well as cell migration. It
is likely that this system is functional in a wide variety of animal
cell types, and its destruction by the unusual activation of SFK
in some cancers may lead to the progression of transformed
phenotypes by deregulating cell polarity. Thus, further analysis
of this system may provide future targets for therapeutic
intervention in cancers.
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